INTRODUCTION
NONSHIVERING THERMOGENESIS (NST) IS A CRUCIAL COLD-DEFENSE MECHANISM IN NEWBORN AND SOME ADULT RODENTS. 1, 2 The thermal state of brown adipose tissue (BAT) varies on a circadian 4, 5 as well as on an ultradian 6, 7 basis when sleep occurs. The sleep-related changes in the functioning of BAT have rarely been investigated; when the changes were studied in small rodents, coldinduced NST was found to operate during slow wave sleep (SWS) and to be defective during paradoxical sleep (PS). 6, 7 The thermogenic response to cold can be produced not only by specialized tissue such as BAT, but also by a major metabolic organ, the liver. The liver also exhibits large circadian and ultradian fluctuations in temperature 4, 5, 8 and produces metabolic heat (NST). 3, [9] [10] [11] Baconnier et al have shown that hepatic tissue contributes up to 25% of total heat production in dogs under conditions of basal metabolism. 3 Although the thermogenic function of the liver is not fully understood, these researchers have clearly shown that hepatic tissue produces heat through a thermally regulated process. 3 To our knowledge, thermal-status changes in the liver have never been assessed in a sleeping endothermic vertebrate. In the present study, we tested the hypothesis that the thermal function of the liver is defective during PS, as it is in BAT during cold conditions, by assessing and comparing the thermal-state changes of hepatic tissue and of BAT in sleeping rats acutely exposed to cold. The results will provide an important first step toward a better understanding of thermal functioning of the liver in a sleeping homeothermic organism and, by extension, should contribute to our knowledge of human sleep thermophysiology.
MATERIALS AND METHODS

Animals
Twelve adult male Wistar rats (IFFA CREDO, Arbresle, France) were individually housed in light-controlled (12-hour light-dark cycle, lights on at 6 AM) and ambient-temperature (T A )-controlled (24°C-25°C), sound-proofed chambers and were given free access to food (standard chow UAR, AO4) and water. Installations and this study were approved by the appropriate government authorities (the Ministère de l'Agriculture et de la Pêche and the Direction Vétérinaire de Picardie). All animals were treated according to guidelines approved by the European Community Council, Directive of November 24, 1986 (86/609/EEC).
Electrodes and Probes
The animals were anesthetized with pentobarbital anesthesia (50 mg/kg, intraperitoneal), and miniature gold-plated screws were implanted over the parietal and frontal cortexes to record the electroencephalogram. Electromyography electrodes (gold-plated micropins) were implanted into the neck muscles. Two small thermistor probes (accuracy ± 0.1°C) were placed, 1 under interscapular BAT (IBAT) and 1 between 2 lobes of the liver to avoid damage to the tissue. An additional microprobe was placed over the parietal cortex to follow the thermal state of the central structures. Electrodes and probes were soldered onto microconnectors fixed over the cranium with acrylic dental cement. A very flexible cable linked the connectors to an 18-channel (model SL 18C) rotating swivel (Plastics One, Inc., Wallingford, Conn). The weight of this cable and the swivel were carefully counterbalanced, allowing each rat to move freely in its cage. The animals were allowed to recover for 2 weeks after the operation before the experiments began.
Sleep and Temperature Recordings
The rats were randomly assigned to 1 of 2 groups. The 6 rats in the control group were maintained under thermoneutral conditions (T A , 24°C -25°C ); the other 6 rats comprised the low temperature (LT) group. They were exposed to LT (T A , 9°C) for 24 hours, beginning during the night preceding the recording session and continuing throughout the subsequent diurnal phase, when all data were collected. The IBAT, liver, and cortical temperatures (T IBAT , T L , T CO , respectively), were recorded every 5 seconds on an 80-channel analog-digital station (AOIP Instrumentation, model SA120, France 
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Conclusions:
These results support the hypothesis that the thermal state in the liver of rats deteriorates during paradoxical sleep and suggest that nonshivering thermogenesis in the liver contributes to the defense of global thermal homeostasis in the sleeping endothermic organism, especially during slow wave sleep.
scored according to classic criteria (ie, a clear theta-activity rhythm on the electroencephalogram concomitant with muscular atonia). Changes in T IBAT , T L , and T CO were assessed during PS episodes of the inactive (diurnal) phase. We focused our analysis on isolated PS episodes (IPSE), as defined by Amici. 12 Briefly, IPSE are preceded and followed by more than 3 minutes of SWS, wakefulness, or both, whereas sequential PS episodes (SPSE) are preceded and followed by less than 3 minutes of SWS, wakefulness, or both. 12 The IPSE were chosen because their temporal characteristics (frequency and duration) are less affected by cold (stabilizing these temporal characteristics between IPSE populations of control and LT groups) than are those of SPSE. 12 Moreover, comparison of SPSE between control and LT conditions is of questionable value, since these SPSE disappear in most rats (up to 75%) that are exposed to cold. 12 We studied the IPSE occurring between 9 AM and 3 PM (a 6-hour period centered on the diurnal phase) to limit both circadian influences on body-temperature changes (above all, the well-known lighton-light-off effects) and the anticipatory and direct effects of the daily visit (between 5 PM and 6 PM), during which food and water were replenished and cages were cleaned. Because more than 95% of the total (n = 186) recorded IPSE lasted less than 3 minutes, we distributed them within 3 classes, ranging from 0 to 3 minutes (CL1 = 0-1 minutes, CL2 = 1-2 minutes, CL3 = 2-3 minutes). In each rat, IPSE were averaged within each class (on average, 5.3 episodes per class in the control group and 4.7 episodes per class in the LT group). The T IBAT , T L , and T CO , changes during IPSE were tested by a 2-way analysis of variance (ANOVA) (T A x class effect [CL1, CL2, CL3]) for repeated measurements.
The changes in T IBAT , T L , and T CO , were also assessed during SWS episodes, ie, during the 3-minute period just preceding an IPSE (the end of each SWS episode thus coinciding with the onset of an isolated PS episode). We verified that the presence and duration of an IPSE did not influence the local temperature levels (T IBAT , T L , and T CO ) assessed during SWS by first distributing the successive 3-minute SWS episodes scored in each rat into 3 classes (class a, b, or c, which corresponded to a SWS episode preceding an IPSE of, respectively, CL1, CL2 or CL3). We then tested the possible effects of the 2 factors (T A x class [a, b, c]) on local temperature with 2-way ANOVA for repeated measurements. This was indeed the case since no class effect was found. Thus, class data were pooled for this sleep state (an average of 16 episodes of SWS per rat in the control group and 14 episodes of SWS per rat in the LT group). The mean levels of T IBAT , T L , and T CO observed in controls were then compared with those observed in the LT condition with paired student's t tests. Results are presented as means ± 1 SEM. The level of significance was set at P < .05.
RESULTS
At a thermoneutral state, the T CO, T IBAT, and T L levels observed during SWS were, respectively, 35.45°C ± 0.35°C, 37.10°C ± 0.20°C, and 37.55°C ± 0.20°C. In the control group, the T CO was significantly lower than the T IBAT and the T L during the SWS state (-1.65°C: t = 2.96, P < .05 and -2.10°C: t =.64, P < .01, respectively), and the T IBAT was slightly lower than the T L (-0.45°C: t = 2.72, P < .05). During SWS, the T CO decreased significantly in rats in the LT group compared to those in the control condition, (-0.85°C: t = 2.96, P < .05), however, both T IBAT and T l were substantially increased in the rats in the LT group compared to those in the control condition (+1.25°C: t = -4.26, P < .01 and +1.0: t = -4.25, P < 0.01, respectively). The small difference between T IBAT and T L observed in the control condition disappeared in the LT condition.
As expected, there was no significant T A effect on the temporal IPSE characteristics (frequency and duration). The T CO levels increased significantly when the duration of IPSE increased (class effect: F 2,20 = 51.61, P < .0001) (Figure 1) , with this increase being enhanced when the T A was lowered (T A effect: F 1,10 = 32.82, P < .0002). The T IBAT and T L levels were also influenced by the duration of IPSE (class effect: T IBAT : F 2, 20 = 29.69, P < .0001; T L : F 2,20 = 4.64, P < .05) (Figure 1 ). An exposure to cold provoked a significant drop in T L (T A effect: F 1,10 = 5.72, P < .05) but this drop was only indicative for T IBAT (T A effect: F 1,10 = 4.52, P < .1). However, for these 2 thermogenic organs, significant class x T A interactions were observed (T IBAT F 2,20 = 4.91, P < .05; T L : F 2,20 = 5.51, P < .05), clearly showing that these 2 temperatures were actually reinforced by cold when an IPSE was prolonged (see also Figure 1 ). Finally, the decreases in T IBAT and T L that were observed in LT conditions during IPSE were quite similar, as no statistical effect of T A was found.
DISCUSSION
This study shows for the first time that the thermal state of the liver varies quantitatively and qualitatively during SWS and PS. Two important findings should be stressed. First, when the paradigm of coldinduced thermogenesis was implemented, the sleep-state-related "thermal behavior'' of the liver strikingly resembled that of BAT. Second, in this cold-stress condition, although the thermal state of the liver was preserved during SWS, it deteriorated during PS. These findings support our initial hypothesis. Evidence of the thermoregulatory function of BAT during sleep remains scarce. The T IBAT increase that we observed in this study during SWS corroborates a previous report in rats. 6 Because T IBAT was significantly higher than in standard conditions before and after adaptation to cold in their study, Calasso et al argued that NST was readily activated during SWS in both conditions in this rodent BAT. 6 This theory has been confirmed by experiments in which BAT was removed 6 or specifically activated by stimulating its β 3 adrenoceptors. 13 Thus, the cold-induced T IBAT increase that we observed during SWS was probably also due to BAT activation, with its thermogenic response in turn defending the thermal homeostasis of the sleeping animal.
The high levels of T L observed in control and LT conditions are comparable with those reported in studies in which sleep was not taken into account. 4, 5, 8 The thermogenic properties of the liver have rarely been investigated, but the ability of the liver to produce large amounts of metabolic heat (NST) has been conclusively shown. 3, [9] [10] [11] Moreover, this heat production is a thermoregulated phenomenon, since oxygen consumption by hepatic tissue increases linearly as cold is progressively increased. 3 The T L and T IBAT were comparable during SWS in control conditions in our study and also when the animal had to struggle against cold. In the latter case, a large increase in temperature (more than 1°C) was found in both organs. It is doubtful that the blood supplied via the portal route was at the origin of the increase in T L , since this venous blood is cooler than that of hepatic tissue. 8, 14 Because liver temperatures and arterial hepatic blood temperatures are similar, the influence of arterial blood temperatures was also ruled out. 3 Thus, as was argued in the case of BAT, 6 the higher temperature of the liver very likely reflects its ability to produce heat during this sleep state.
Few studies have focused on the PS-related thermal-state changes of a thermogenic organ such as BAT. The findings of those that have been undertaken have not led to clear conclusions, since the temperature of BAT in rabbits is relatively unaffected by cold during PS, 15 whereas it decreases in golden hamsters 7 and rats. 6 This interspecies discrepancy has been assumed to be due to differences in the thermal inertia that accompanies differences in heat loss. 6 The decrease in T IBAT during PS for smaller species was recently unequivocally shown in rats 6 and is reinforced by our results, although the drop that we observed was slightly lower. This difference can be ascribed to the fact that the low T A imposed on this rodent in the earlier study 6 was lower (by 4°C) than in the present study. Because the tonic sympathetic activity that controls BAT activity is depressed during PS, a decrease in BAT thermogenesis could be 1 of the influential mechanisms explaining why T IBAT decreases during PS. 6 The suppression of the thermoregulatory vasoconstriction of heat exchangers such as the nasal mucosa 6 and tail 16 could also be involved, since both the mucosa and the tail have consistently increased temperatures during PS. Thus, by supplying BAT with cooler peripheral blood, this cutaneous vasodilatory response has been advanced as an important cause of the deterioration in the thermal state of BAT during PS. 6 Kawamura et al 17 reported changes in the surface temperature of the liver in rabbits during PS. Unfortunately, this study was performed at thermoneutrality and thus was not designed to reveal the susceptibility of the animal to thermal challenges during PS. Moreover, these authors only mentioned a qualitative change, ie, that the temperature of the liver was usually higher than that of the brain during PS. 17 This finding was unequivocally validated by our results, which showed that the T CO was about 2°C lower than the T L . Moreover, we showed for the first time that T L had decreases that were similar to those of T IBAT when the IPSE was extended.
The thermogenic activity of the liver, like that of BAT, is influenced by the sympathetic nervous system. 10, 11 A depression in the activity of this system may be the basis of the depression in liver NST during PS and the drop in T L observed during IPSE. Vasodilation in peripheral heat exchangers might also cool the blood that perfuses the liver, but a direct demonstration is lacking. This cooling effect could also be caused by vasodilation in the vessels that irrigate this organ. Both thermogenic and thermolytic mechanisms are probably involved, but the intensity of their respective contributions remains to be explored. One of the many unanswered questions is whether a change in the metabolic rate of the liver may be so intense and rapid as to influence the temperature of the organ itself above the level of increase in peripheral heat loss that possibly cools the arterial and portal blood flowing to the liver during PS.
By quantifying for the first time the changes in the thermal status of the liver during sleep, the present study provides another example of the autonomic changes that are involved in thermoregulation during SWS and that also affect thermoregulation during PS. The present findings indicate that NST in the liver and BAT deteriorate in a similar fashion during PS. However, the temporal impact of this thermal deterioration appears to be marginal in rats, since PS in the rat is often of short duration and suppressed at cold temperature. Finally, one of the most important findings of this study is undoubtedly that the thermogenic abilities of the liver appear to contribute to the cold defense of the sleeping endothermic vertebrate, notably during SWS. This cooperation between BAT and the liver in defending the global thermal homeostasis of the sleeping organism appears to be adaptive. Indeed, the value of developing redundant thermal defenses becomes relevant when the thermogenic function of 1 of these organs is affected or absent, which is particularly important in humans as they age because the liver is likely to remain thermally active throughout an individual's lifetime but BAT is not.
